Escherichia coli glutamate decarboxylase (EcGad) is a homohexameric pyridoxal 5′-phosphate (PLP)-dependent enzyme. It is the structural component of the major acid resistance system that protects E. coli from strong acid stress (pH < 3), typically encountered in the mammalian gastrointestinal tract. In fact EcGad consumes one proton/catalytic cycle while yielding γ-aminobutyrate and carbon dioxide from the decarboxylation of L-glutamate. Two isoforms of Gad occur in E. coli (GadA and GadB) that are 99% identical in sequence. GadB is the most intensively investigated. Prompted by the observation that some transcriptomic and proteomic studies show EcGad to be expressed in conditions far from acidic, we investigated the structural organization of EcGadB in solution in the pH range 7.5-8.6. Small angle X-ray scattering, combined with size exclusion chromatography, and analytical ultracentrifugation analysis show that the compact and entangled EcGadB hexameric structure undergoes dissociation into dimers as pH alkalinizes. When PLP is not present, the dimeric species is the most abundant in solution, though evidence for the occurrence of a likely tetrameric species was also obtained. Trp fluorescence emission spectra as well as limited proteolysis studies suggest that PLP plays a key role in the acquisition of a folding necessary for the canonical catalytic activity.
Introduction
The enzyme glutamate decarboxylase (Gad; EC 4.1.1.15) plays a major role in protecting Escherichia coli from acid stress (De Biase et al., 1999) . This role is also played in other bacteria which, like E. coli, typically encounter acid stress during their life cycle (for reviews: De Biase and Pennacchietti, 2012; Lund et al., 2014) . In fact, besides the well-known laboratory strains, the species E. coli comprises many strains that are either commensal or pathogenic for the mammalian host (Kaper et al., 2004) and which, like other orally acquired bacteria, face acid stress in the host stomach, distal gut and macrophage phagolysosome, compartments with pH ranging from 1.5-3 (stomach) to 5.5-7.0 (distal gut).
Thus, the established physiological role of E. coli Gad (EcGad) resides in its ability to consume one proton (H + )/catalytic cycle as part of the pyridoxal 5′-phosphate (PLP)-dependent α-decarboxylation of L-glutamate that yields carbon dioxide and γ-aminobutyrate, and, in so doing, protects the cell from harmful acidification of the cytosol. It is therefore not unexpected that acidic pH (inorganic or organic) typically induces an increase in the expression of gadA and gadB, the genes coding for the two isoforms of Gad in E. coli, namely GadA and GadB (Castanie-Cornet et al., 1999; De Biase et al., 1999; De Biase and Lund, 2015) . Because of the above, most of the biochemical and structural work on bacterial Gad was carried out in a pH range where the enzyme performs its beneficial activity to the bacterial cell, i.e. pH ≤ 6.0.
Crystal and solution studies, combined with site-directed mutagenesis studies, have clarified the molecular basis and the sequence of events that lead either to the activation of this enzyme at acidic pH or to its auto-inhibition at pH ≥ 6.0 (Capitani et al., 2003; Gut et al., 2006; Pennacchietti et al., 2009) . These studies also showed that the 318-kDa homohexameric structure of E. coli GadB (and GadA; Dutyshev et al., 2005 ) is a trimer of dimers, arranged as two threesubunit layers with each dimer providing a monomer to each layer. The entangled and compact oligomeric assembly of GadB is rather different from that of the other pH-inducible bacterial decarboxylases for which the crystal structures have been solved, i.e. dodecameric ornithine decarboxylase (Momany et al., 1995) and decameric arginine and lysine decarboxylases (Andréll et al., 2009; Kanjee et al., 2011a) , in which the dimers are less tightly associated.
Like in other PLP-dependent enzymes, in GadB the dimer is the functional unit as each active site is made of amino acid residues that are provided by both monomers in the dimer (Capitani et al., 2003) . As shown in Fig. 1 , each monomer in the dimer contains a PLP molecule (required for its activity) and is organized in three distinct domains: N-terminal (residues 1-57); central, with PLPbound (residues 58-346); C-terminal (residues . The N-terminal domain of each monomer in the hexamer departs perpendicularly from the subunit surface and establishes interactions not only with its counterpart in the functional dimer but also with a subunit belonging to a neighboring dimer. In this way it confers stability to the entire structure and gives rise to the observed entangled and compact hexamer.
Thus, unlike the other pH-inducible decarboxylases (Kanjee et al., 2011b) , hexameric assembly in GadB is not affected by a change in pH in the range 4.6-7.6, at least in its holoform, i.e. with PLP bound (Capitani et al., 2003; Gut et al., 2006) . However, three important structural reorganizations occur in relation to pH. At acidic pH, the N-terminal tail (residues 1-14) of each subunit assumes an α-helical conformation, which closes up the hexamer central channel by giving rise to two triple helical bundles, each protruding from the hexamer (shown in Fig. 1B, inset) , while the C-terminal tails (residues 452-466) are likely to be in a flexible conformation. In contrast, at neutral pH they are well structured and protrude into the active site of each monomer, with residues His465 and Thr466 that preclude access to L-glutamate into the enzyme active site. In particular, His465 is responsible for the auto-inhibition of Gad activity by generating a substituted aldamine, arising from the reaction of the distal nitrogen of its imidazole ring with the PLP-Lys276 Schiff base (Gut et al., 2006; Pennacchietti et al., 2009) . Finally, 14 residues (residues 300-313; Fig. 1 ) in the central domain make up a β-hairpin that either fixes the C-terminal tail (at neutral pH) or repositions over the entry of the active site funnel (at acidic pH).
Overall the crystallographic data show that the holo enzyme (holoGad)is hexameric in the pH range 4.6-7.6 in line with previous analytical ultracentrifugation (UC) (Strausbauch and Fischer, 1970) and electron microscopy (To, 1971; Tikhonenko et al., 1968) studies. The only evidence for dissociation of the hexamer into dimers comes from studies carried out either in diluted solutions at 4°C or on the apoenzyme at pH ≥ 6.0 (Sukhareva, 1986 and references therein) .
Based on the above, it is less straightforward to provide an explanation for the induced/increased expression of gadA and gadB genes (and of the corresponding protein products) under conditions, which are not directly linked to acid stress and which comprise starvation as well as osmotic stress at neutral pH (Castanie-Cornet et al., 1999; De Biase et al., 1999) , cold stress (White-Ziegler et al., 2008) , respiratory stress (Shepherd et al., 2010) and anaerobiosis under alkaline conditions (Blankenhorn et al., 1999) . To explain some of the above findings it has been suggested that the GadA/GadB activity helps to relieve acid stress only if the protein is already present in the cell prior to an exposure to an acidic environment (Castanie-Cornet et al., 1999; De Biase et al., 1999) . Also, GadA/GadB activity should protect against acidification caused by anaerobic fermentation occurring in alkaline-grown cells (Blankenhorn et al., 1999) . However, GadA/B increased expression occurs also under respiratory stress, during which intracellular and extracellular pH were shown to be slightly alkaline and never become acidic (Shepherd et al., 2010) .
Thus it appears that Gad, though active at acidic pH, can be expressed and present in the cell under conditions in which the intracellular and extracellular pH are above neutral.
As part of a project aimed at investigating the structure and function of E. coli GadB in conditions far from those in which it plays its well-established physiological role (i.e. relieving the cell from acid stress), we undertook an in solution study of this enzyme in the range 7.5-8.6. We found that the compact and entangled hexameric structure of GadB undergoes dissociation into dimers and this dissociation is not only affected by the presence of PLP, but also by an increase in pH.
Materials and methods

Materials
Ingredients for bacterial growth were from Difco. Streptomycin sulfate was from USA Biochemical Corp. (Cleveland, OH, USA). HiPrep DEAE FF 16/10 (20 ml) and PD-10 Desalting (8.3 ml) columns were from GE Healthcare Life Sciences. PLP and analytical grade sodium acetate were from VWR International. Vitamin B6, potassium dihydrogen phosphate, dipotassium hydrogen phosphate, L-glutamic acid and kanamycin were from Fluka. Unstained Protein Molecular Weight Marker for SDS-PAGE was from Thermo Scientific. Trypsinultra TM was purchased from New England Biolabs. All other chemicals were from Sigma-Aldrich.
Expression and purification of E. coli GadB
Overexpression and purification of recombinant wild type E. coli GadB in the holoform (i.e. with the full complement of PLP; holoGadB) were carried out essentially as previously described (De Biase et al., 1996) . Protein purity was assessed by 12% SDS-PAGE and by measuring the PLP content that was determined by treating GadB with 0.1 N NaOH and then measuring the absorbance of the cofactor free in solution at 388 nm (ε 388 = 6550 M −1 cm −1 ; Peterson and Sober, 1954) . Enzyme concentration and activity were measured as previously described (De Biase et al., 1996) .
Preparation of apoGadB and reconstitution with PLP
The apoform of E. coli GadB (apoGadB) was prepared by taking advantage of the abortive transamination occurring in the presence of the substrate 2-methyl glutamic acid (Yang and Metzler, 1979; Grant et al., 1987) . Briefly, 500 µl of GadB (10 mg/ml), was diluted 1:3 with 1 ml of buffer 0.2 M Pyridine/HCl, pH 4.6, containing 0.1 mM DTT and incubated with 26 mg of D,L-2-methylglutamic acid (to get a final concentration of 0.1 M) for 40 min at RT. During the incubation, the solution was mixed by gentle pipetting in order to allow the full solubilization of the substrate and~100 µl of 1.0 M potassium phosphate buffer, pH 7.5, was added to keep the pH at 4.6. The reaction was allowed to go to completion overnight at 4°C. The following day, the mixture was loaded into PD-10 desalting column (GE Healthcare) both to exchange the buffer to pH 4.6, 7.5, 8.0 or 8.6 and to fully separate the apoGadB from pyridoxamine 5′-phosphate, the product of the abortive transamination which is not retained in the enzyme active site. In all, 0.5 ml aliquots were collected in 1.5 ml-eppendorf tubes. Based on the absorption spectra only the purest fractions of apoGadB were pooled and the final concentration of apoGadB was measured spectrophotometrically using the molar absorption coefficient ε 280 = 86 000 M −1 cm −1 (Yang and Metzler, 1979) .
Reconstitution with PLP to yield holo rec GadB was carried out at a 1.1:1 PLP:GadB monomer ratio and by incubating at RT for 2.0 h, in the buffer at the required pH, i.e. 4.6, 7.5, 8.0 or 8.6, depending on the experiment.
HoloGadB (3 mg) was also passed on PD-10 desalting column and a similar elution procedure was applied in order to have the downstream analyses performed on samples, at the relevant pH, that underwent similar treatment as the apo samples above.
Analytical UC
Sedimentation velocity experiments were carried out on a Beckman Coulter Proteomelab XL-I analytical ultracentrifuge equipped with absorbance optics. Experiments were conducted at 25 000 r.p.m. and 20°C. Radial absorbance scans were obtained in a continuous scan mode at 280 nm at a spacing of 0.003 cm. Sedimentation coefficients were calculated using the program Sedfit (provided by P. Schuck, National Institutes of Health) and were reduced to water and 20°C (s 20,w ) according to standard procedures. Both holoGadB and apoGadB (0.5 ml each; with an absorbance at 280 nm of 1.0 AU in a 1.2 cm optical path cell, corresponding to~0.5 mg/ml) were analyzed in the following buffer: 50 mM EPPS, 150 mM NaCl, at pH 7.5, 8.0 and 8.6, respectively.
Spectroscopic measurements and data analysis
GadB UV-visible spectra were recorded at controlled temperature on a Hewlett-Packard Agilent model 8452 diode array spectrophotometer.
Fluorescence emission spectra were recorded with a FluoroMax-3 spectrofluorometer (Horiba Jobin-Yvon) equipped with a thermostatically controlled cell compartment at 20°C using 3 nm bandwidth on both slits and at a scan speed of 100 nm/min. The spectra were corrected by subtracting the corresponding buffer's emission spectrum (blank). When necessary, spectra were normalized to the same optical density at 280 nm (starting from values ± 10% with respect to that used for normalization) using GraphPad Prism 4.0 (GraphPad Software, San Diego, CA).
Small angle X-ray scattering
X-ray scattering data of GadB in Holo and Apo form were collected at the SWING beamline of the SOLEIL Synchrotron (Gif-sur-Yvette, France). The data were recorded using a CCD-based detector (AVIEX) with a sample-detector distance of 1775 mm, covering the momentum transfer range 0.007
where 2θ is the scattering angle, and λ = 1.0 Å the wavelength of the X-rays). Measurements were performed using the size exclusion HPLC instrument (Agilent) together with a Bio SEC-3 column (300 Å porosity, 4.6 × 300 mm, Agilent) on-line with the small angle X-ray scattering (SAXS) measuring cell, a 1.5 mm diameter quartz capillary contained in an evacuated vessel (David and Pérez, 2009) . Each sample of GadB was studied at 15°C. The holoGadB was studied in HEPES 50 mM buffer, pH 6.9, NaCl 150 mM and 2 mM DTT, while the apoGadB was in Tris 20 mM buffer, pH 8.0, NaCl 150 mM and 2 mM DTT. In all, 30 µl of holoGadB and apoGadB at 19 and 15 mg/ml, respectively, were loaded onto the column equilibrated with the corresponding elution buffer. Scattering of the elution buffer before void volume was recorded and used as buffer scattering to be subtracted from all protein patterns. In all, 1.5 s successive frames were recorded separated by a 0.5 s interval since the elution flow of 0.2 ml/min ensured that no protein was irradiated for >0.4 s. Primary data reduction was performed using the SWING inhouse software Foxtrot, yielding scattering intensities. The buffer subtracted data sets were analyzed using the HPLC-SAXS module from the US-SOMO software (Brookes et al., 2013 (Brookes et al., , 2016 . Each data set recorded during an elution is an ensemble of N I t (q) SAXS patterns (frames) of M q-values each collected at successive times t. The program first performs a transposition of this 2D intensity matrix I(q,t) to produce elution profiles I q (t) for each q-value. The I q (t) is subsequently deconvolved into a set of Gaussians or asymmetric, modified Gaussians. Each Gaussian represents the contribution to the scattering of an eluting species. The 280 nm absorbance profile from the UV detector of the HPLC instrument is also fed into the program and similarly deconvolved using the same set of Gaussians. The final output of the program is the reconstructed scattering curves of each species i I i (q). The values of the GadB absorbance at 280 nm is ε 280 = 86 000 M −1 cm −1 . The reconstructed scattering patterns were subsequently processed using the program package PRIMUS (Konarev et al., 2003) . The forward scattering I(0) and the radius of gyration (R g ) were evaluated using the Guinier approximation (Guinier, 1939) . The distance distribution function p(r) was determined using the indirect Fourier transform method as implemented in the program GNOM (Svergun, 1992 ). An alternative estimate of the molecular mass was obtained using the SAXSMoW program available at the URL http://www.if.sc.usp.br/~saxs/ that is based on the determination of the Porod volume, which is independent of the sample concentration (Fischer et al., 2010) .
Scattering patterns were calculated from atomic coordinates using Crysol (Svergun et al, 1995) . The crystal structure of holoGadB (pdb file: 1PMO) lacks coordinates for a few N-ter residues that were added manually. The completed hexamer file was also used to provide coordinates for a tetramer (chains A to D) and a dimer of GadB (chains A and B). The N terminus of each chain within the hexamer reaches out to contact another chain on the other side of the molecule (e.g. A with F). In an isolated dimer, these extremities appear implausibly extended in the solvent and are most likely highly flexible. They were accordingly manually folded to adopt a more likely average conformation.
Limited proteolysis
Limited proteolysis was exploited to detect where critical structural changes, triggered by the loss of the cofactor, occur in E. coli Gad. Shortly, 100 µg of each protein form (i.e. holo-, apo-and holo recGadB) was incubated at a concentration of 1 µg/µl and at 25°C with bovine pancreatic trypsin (New England Biolabs) in buffer 50 mM Tris-HCl, pH 8.0, containing 10 mM CaCl 2 . The trypsin:GadB (w/w) ratio was set to 1:100. At time intervals, 5 µl aliquots (corresponding to 5 μg of GadB) were withdrawn and the reaction halted by adding SDS-PAGE sample buffer containing 10 mM EDTA.
Proteomic methods
Following limited proteolysis with trypsin and SDS-PAGE, GadB protein bands were excised and digested in-gel using trypsin (New England Biolabs) at +37°C, at pH 8.0 for 18 h. The tryptic peptides were separated using Ultimate/Famos LC system (LC packings). The peptides were trapped onto a 300 µm × 5 mm C18 precolumn (Dionex) in 0.1% Formic acid (FA) 2% acetonitrile (ACN) at flow rate of 30 µl/min. After 3 min loading the precolumn was switched in line with C18 column (150 mm × 50 µm, 5 µm, VYDAC) and the peptides were eluted with ACN gradient using 5% ACN in 0.1% FA as buffer A and 95% ACN in 0.1% FA as buffer B. First 3 min of the gradient 100% buffer A, from 3 to 25 min down to 55% buffer A, from 25 to 35 min down to 15% buffer A. Buffer A was kept at the same level for 45 min and was brought back to 100% by 46 min. The total run time was 80 min. The mass spectra were recorded with QSTAR XL hybrid quadrupole TOF instrument (Applied Biosystems, Foster City, CA, USA) QSTAR XL hybrid quadrupole TOF instrument (Applied Biosystems) in positive mode using nano-ESI ion source. Information-dependent acquisition method was used and 1 s TOF MS scans were recorded for mass range m/z 400-2000 followed by 4 s MS/MS scans of the most intense ions with charge +2 or +3. The instrument was calibrated on known trypsin autolysis peptides. Data processing was performed using Analyst QS v1.1 software (Applied Biosystems). 27 [JMW1]. The tryptic peptides of GadB were identified with MASCOT MS/MS ions search (www.matrixscience. com). Parent ion and fragment mass tolerances were 0.1 and 0.2 Da, respectively. Carbamidomethylation of Cys was selected as fixed modification and oxidation of Met as variable modification.
Molecular modeling
All molecular modeling studies were performed on an Intel Xeon(R) CPU E5462 2.80 GHz × 4 running Ubuntu 14.04 LTS. The EcGadB structures were downloaded from the PDB (http://www.rcsb.org/): holoGadB, pdb code 1PMO (Capitani et al., 2003) ; apoGadB, pdb code 3FZ7 (Malashkevich et al., 2009) . Superimposition and RMSD computations were carried out using Chimera (Pettersen et al., 2004) . The pictures reported in the manuscript were created with Pymol (The PyMOL Molecular Graphics System, Version 1.8.2.3 Schrödinger, LLC).
Results
Intrigued by a number of studies (Castanie-Cornet et al., 1999; De Biase et al., 1999; White-Ziegler et al., 2008; Shepherd et al., 2010; Blankenhorn et al., 1999) showing that EcGad is expressed in the bacterial cell under stress conditions in which the intracellular and extracellular pH are typically above neutral, it was decided to investigate the effect of alkaline pH and PLP availability on the conformational and oligomeric state of EcGadB. This was carried out by analyzing purified, recombinant GadB with a number of spectroscopic and biophysical techniques as well as by limited proteolysis. To this aim, holoGadB (i.e. the enzyme with a full complement of PLP) was compared with apoGadB (i.e. the enzyme where at least 95% of the PLP content was removed) as well as with holo rec GadB (i.e. the enzyme reconstituted with the full complement of PLP) at three pH values, i.e. 7.5, 8.0 and 8.6, never investigated in previous studies For comparative purposes most of the experiments were also carried out at pH 4.6.
Tryptophan fluorescence emission as a probe of EcGadB conformational and oligomeric changes As shown in Fig. 2 , when holoGadB (blue/black line) is compared with apoGadB (dashed line) at pH 7.5 (Fig. 2, upper panel) and 8.6 (Fig. 2, central panel) , the emission spectra recorded by excitating at 295 nm (specifically exciting Trp side chains) show an increase of the emission ranging from 60% to over 100% of the starting value following PLP removal. The holoGadB fluorescence emission spectra also indicate that fluorescence increases with pH only above pH 7.0. Indeed, GadB fluorescence at pH 4.6 is comparable with that at pH 7.5, though the emission maximum is slightly red-shifted as pH increases. EcGadB contains 11 Trp residues and at present it is not possible to assign the observed noticeable increase in fluorescence that accompanies PLP removal to any specific Trp residue (one or more). However, this observation suggests that Trp fluorescence can be employed to finely monitor conformational changes that occur upon PLP binding and, at least in part, report on the dissociation of the hexamer into dimers (see SAXS and UC sections).
The reconstitution of apoGadB with PLP (with a 10% excess with respect to the full complement) is complete as confirmed not only by the fact that the reconstituted enzyme (holo rec GadB) regains the original UV-visible spectrum (Fig. 2, inset) , regardless of the pH, but also by the almost complete restoration of the fluorescence emission spectra of holoGadB. Complete reconstitution of apoGadB with PLP at acidic pH was reported in the past (De Biase et al., 1991 and references therein) , but never at pH > 6.0. The present findings imply that apoGadB has a rather accessible active site, with the C-terminal tail (i.e. residues 452-466) likely to be in a flexible conformation. The data recorded at pH 7.5 and 8.6 are practically identical (Fig. 2) ; similar results were obtained at pH 8.0 (data not shown).
In order to prove that the observed restoration of the UV-visible and fluorescence spectra upon reconstitution with PLP coincides with a restoration of the enzyme activity, assays were carried out at pH 4.6 (i.e. the pH at which the enzyme displays its maximal activity) on all the three forms of GadB incubated and analyzed at the three chosen pH values as well as at pH 4.6 as control. Data in Table I show that the restoration of the UV-visible and fluorescence spectra in holo rec GadB with respect to holoGadB are accompanied by substantial recovery of the enzyme activity (i.e. >90%). Notably, the holo rec GadB analyzed at pH 8.6 has a fluorescence spectrum that shows only partial (80%) restoration of the fluorescence of the holoGadB at the same pH (Fig. 2, central panel) . This might provide an explanation for the finding that only 90% of the activity is recovered at this pH (Table I ). Very likely, as pH increases PLP rebinding to the enzyme becomes more difficult, though the recovery of the activity still remains significant.
SEC-SAXS and UC analysis on holo-and apoGadB
Until very recently (see Discussion), very few data were available on EcGadB in solution using SAXS, whereas many crystal structures were reported in the pH range 4.6-7.6 (never above). In addition to this, the crystal structure of an apoGadB was deposited in the PDB databank in 2009 from an old data set (dated1996) collected at pH 7.6 (PDB code: 3FZ7). The latter structure does not show any substantial difference with that of holoGadB (deposited in 2003 with the PDB code: 1PMO). Indeed, when each chain of 1PMO is compared with its counterpart in 3FZ7, computed RMSDs are all lower than 0.4 Å. Because the crystal structure of the PLP-free GadB (3FZ7) did not provide a clue, and given the possibility that during that specific crystallization set up only the species better crystallizing, but not representative of the species in solution, was selected, it was decided to investigate further the nature of the species that in solution displays strong fluorescence emission (Fig. 2) .
Thus, first holoGadB in HEPES buffer at pH 6.9 was injected onto a size exclusion chromatography (SEC) column equilibrated in the same buffer and a SAXS analysis was carried out on-line on the material directly eluting from the column, as described in detail in Materials and Methods.
Two components were detected: a major one (Component 1) centered at frame 67 and a second one (Component 2) that appears as a tail extending on the right side of the main peak. The profile is well described as the combination of two modified Gaussians as shown in Fig. 3A . Frames 60-74 were averaged since they contained Fig. 2 UV-visible and fluorescence emission spectra of EcGadB. Trp fluorescence emission spectra of the samples (0.85 μM) are shown in the main panels : holoGadB (blue/black), apoGadB (dashed) and holo rec GadB (green/ gray). The upper panel refers to the spectra recorded at pH 7.5, the central panel refers to the spectra recorded at pH 8.6, while the lower panel refers to the spectra recorded at pH 4.6. The absorption spectra of the relevant samples at a concentration of 9.3 μM are shown in the insets: the 340 nm peak (at pH 7.5 and 8.6) and the 420 nm peak (at pH 4.6) corresponding to the substituted aldamine and the ketoenamine, respectively, both disappearing following removal of the cofactor (as in apoGadB), are restored upon reconstitution of the apoform with 1.1-fold excess of PLP, to yield holo rec GadB. Some residual PLP free in solution is generating a minor band centered at 388 nm. The starting activity of holoGadB was 163 ± 13 U/mg and was set as 100%.
no contribution from Component 2 (Fig. 3A, hatched area) . The SAXS profile is shown in Fig. 3C (blue/black) . The results from Guinier (Guinier, 1939) and p(r) analyses are given in Table SI (Supplementary Materials). In particular, the value of the molecular mass is very close to that of a hexamer of GadB. The second component is present at a very low concentration and the corresponding frames always contain a significant contribution from the hexamer. The reconstructed scattering profile was not constant over time, so that no convincing characterization of this species could be performed.
Subsequently, apoGadB in Tris buffer at pH 8.0 was loaded on the size-exclusion column and SAXS analysis carried out on-line. In apoGadB two fairly well resolved components were detected and the profile could be nicely described by a combination of two modified Gaussians (Fig. 3B) . Frames from 61 to 71 (light gray hatching, for Component 1) that did not contain detectable contribution from Component 2, were averaged. Unexpectedly, the molecular mass of the corresponding species was practically identical to that of a tetramer of GadB chain (Fig. 3C) . The scattering pattern Component 2, reconstructed using the above decomposition, was averaged over frames 95-110 (orange hatching/dark gray hatching). These are shown in Fig. 3C : as expected from the literature data for the apo sample, the derived molecular mass was found close to that of the dimer.
Scattering patterns of the various oligomeric forms were calculated using the atomic coordinates of the hexamer (1PMO) after addition of a few N-terminal missing residues (see Material and Methods for details) and the program Crysol. They are presented in the three panels of Fig. 4 superimposed with the corresponding experimental data. The hexamer curve is very close to the experimental data, suggesting that the hexamer conformation in solution is practically identical to the crystal structure although some minor differences cannot be ruled out. In the case of the tetramer, a clear difference between both curves appears around q = 0.09 Å −1
. Since both the hexamer and the tetramer appear to elute quasi simultaneously from the SEC column, we considered the possibility that the sample could contain a mixture of tetramer and hexamer. However, no significant improvement in the fit could be obtained. Although the presence of a minor, residual amount of hexamer cannot be ruled out, it may be concluded that the hypothetical tetramer in solution exhibits a different conformation from that derived from the crystallographic hexamer. Finally, although similar, the two Fig. 3 SEC elution profiles and SAXS patterns of EcGadB protein in the holo and apo forms. The SAXS intensity at q = 0.02 Å −1 (black line) as a function of frame number, of (A) holoGadB and (B) apoGadB. Each profile was deconvoluted into two peaks (fitting sum shown as a dashed line) using modified Gaussians. SAXS patterns (dashed line) were reconstructed using these decompositions. In holoGadB (A), frame from 60 to 74 are averaged (hatching) (B); in apoGadB, frames from 61 to 71 for the first peak (light gray hatching) were averaged while the reconstructed intensities for peak 2 (after correction for the contribution of the tetramer) were averaged from 95 to 110 (orange hatching/dark gray hatching) . The three resulting average scattering patterns (C) and distance distribution functions p(r) (D) are shown using the following color code : holoGadB (blue/black); apoGadB tetramer (red/dark gray); apoGadB dimer (green light gray). The inset in panel C shows the three corresponding Guinier plots.
dimer curves exhibit significant differences, with a larger value of the radius of gyration from the experimental data (31.2 Å vs 29.4 Å) as compared with the calculated curve. This strongly suggests that following hexamer dissociation the dimeric apoGadB adopts a less compact arrangement than that observed within the hexamer. In order to investigate further the oligomeric state of EcGadB, holoand apoGadB at pH 7.5, 8.0 and 8.6 were subjected to analytical UC and the molecular weight calculated based on the sedimentation coefficient. As shown in Table II , holoGadB in the pH range 7.5-8.6 is mostly hexameric, though a significant increase of the dimeric species (24%) is observed when shifting toward a more alkaline value (i.e. 8.6). Unlike in SAXS, apoGadB in the UC analysis was always detected as dimeric, regardless of the pH under investigation.
Limited proteolysis as a tool for probing the sites where apoGadB conformational changes occur
In order to monitor where the major conformational changes probed by the Trp fluorescence emission spectra occur in apoGadB, with respect to holoGadB, limited proteolysis analysis was employed. The same analysis was also useful to assess whether the reconstitution into the holo form (holo rec GadB) was indeed as complete as the activity assays at pH 4.6 (Table I ) and the UV-visible and fluorescence spectra were suggesting (Fig. 2) .
To this end, holoGadB, apoGadB and holo rec GadB were used at a concentration 1 mg/ml and subjected to controlled proteolysis using trypsin in a protease:target protein ratio 1:100 and at pH 8.0. The results shown in Fig. 5 indicate that holoGadB is attacked by trypsin but to a lesser extent than apoGadB, which after 2 h of proteolysis gets significantly degraded. On the other hand, holo rec GadB has significantly regained resistance to the proteolytic attack, thus displaying a proteolytic profile much resembling that of holoGadB. The results in Fig. 5A show quite clearly that PLP plays a major role in compacting the overall structure.
An MS analysis of the major bands appearing on gel during the limited proteolysis was carried out to detect where the protease attacks the protein and if this susceptibility depends on the presence/absence of PLP. Notably, it was found that in both holoand apoGadB the first attacks occur on basic residues in the N-terminal region, in particular at Arg 10 -Ser11 and then at Lys 21 -Ser 22 (Fig. 5B) . However, within the 2 h of the limited proteolysis analysis, the C-terminal tail was hardly attacked. It was interesting to find out that the two species that in apoGadB migrate with an apparent MW of 45 and 42 kDa are in sequence identical to the species starting with Ser22 and migrating immediately below the band corresponding to full-length GadB. These faster migrating species were hardly detectable on the holoGadB and holo rec GadB samples, but for these bands the MS analysis provided a less complete set of internal peptides, following their tryptic digestion, thus suggesting that as soon as trypsin attacks apoGadB at the N-terminal region, this leads to a sort of 'collapse' of the overall fold that causes the same species in terms of length to migrate as different species on the gel. After 20 min smaller peptides (<27 kDa) were detectable on the SDS-PAGE only for the apoGadB (data not shown), which suggests that another cleavage occurs, likely at the level of the peptide bond Arg 178 -Glu
179
, though at present the abovementioned collapse makes it difficult to provide a precise assignment. Thus, trypsin cleavage has clearly a different effect on the overall fold of holo-, apo-and holo rec GadB.
Activity assays carried out on holoGadB and holo rec GadB suggest that the N-terminal cleavage has only a limited effect on the activity of the enzyme (20% loss of the activity after 2 h with trypsin). However, on a longer time scale and when also the second site gets completely cleaved off, a significant disappearance of the protein from the gel (indicative of a more extensive proteolysis) and therefore of the enzymatic activity is observed (data not shown).
Discussion
The PLP-dependent enzyme glutamate decarboxylase from E. coli (EcGad) has been the object of many detailed biochemical and enzymological investigations especially in the 1960-1980's (for a review: Sukhareva, 1986 ). However, only in more recent years has significant progress been made on the study of this enzyme not only in clarifying its physiological role (in fact EcGad is a major structural component of the glutamate-dependent acid resistance system), but also in getting several crystal structures solved and in investigating its use for biotechnological purposes (for reviews: De Biase and Pennacchietti, 2012; Lund et al., 2014; Giovannercole et al., 2017) .
Prompted by observations mostly from transcriptomic and proteomic studies, indicating that the enzyme is often present in the bacterial cell in conditions where pH is more neutral-to-slightly alkaline than acidic, it was decided to investigate the conformational and oligomeric state of EcGad in the pH range 7.0-8.6, disregarded in the past as being too far from the range where EcGad performs its physiological activity (i.e. 3.8-6.0). The role of the PLP cofactor in the folding and stability of the enzyme was also investigated. This adds information on the role of PLP in affecting the folding of PLPdependent enzymes and the consequences (even pathological) associated with a lack of cofactor (Angelaccio et al., 2014; Cellini et al., 2014; Kass et al., 2014; Giardina et al., 2015) .
While some of the observations in the present work are in line with previous findings, others are new and rather unexpected, thus setting the ground for further studies.
The dissociation of hexameric EcGad into dimers was already reported as occurring upon PLP removal and at pH > 6.0, at low temperatures and diluted solutions (Tikhonenko et al., 1968; To, 1971; Sukhareva, 1986) . However, because all the available crystal structures (PDB codes: 1PMO; 2DGD; 3FZ7) obtained at neutral pH from EcGadB (one of the two very similar Gad isoforms expressed in E. coli) show that the enzyme is in a rather compact/ entangled hexameric assembly (Fig. 1) , it was interesting to note that alkaline pH triggers hexamer dissociation into dimers even in the holo enzyme. Very recently, the isoform GadA from E. coli in the holo form was studied by SAXS together with three other enzymes involved in stationary phase metabolism (Dadinova et al., 2016) . Data obtained at pH 7.5 could not be fit by a combination of hexamer and dimer scattering patterns. The conformation of the dimer and of the hexamer were refined using the program SASREFMX and the authors consider a P32 symmetrical hexamer in equilibrium with dimers. This is consistent with our data on holoGadB that essentially show the presence of hexamers together with a small amount of dimers as expected at the pH 7.0 of our sample. Our data suggest a minor conformation difference with the crystal structure, certainly of much reduced amplitude than that reported by Dadinova and coll. The difference between the observations may reflect differences between protein isoforms (GadB vs GadA) and pH value (6.9 vs 7.5). In the case of the apo form, dissociation appears to be a step process since the tetramer resulting from one dimer removal is stable enough to be separated from the dimer during elution and form a clear peak ahead of the dimer peak. Thanks to the use of SEC-SAXS, in the present work it was possible to separate the two species in solution and using the HPLC-SAXS module in US-SOMO (Brookes et al., 2016) to reconstruct the scattering patterns of both species. The comparison with the curve computed from the crystal structure of the hexamer (Fig. 4A) suggests that the conformation of holoGadB in solution is very similar to that in the crystal. In contrast, the comparisons of both tetramer and dimer curves of apoGadB exhibit significant differences pointing to the existence of different conformations from that of the holo protein in the crystal (Fig. 4B and C) . The dimer appears to be in a more open and extended conformation with a larger Rg value as a consequence of the loss of the interactions of the protein with the PLP that contribute to stabilize the holo conformation. This is accompanied by an increase in the flexibility of apoGadB as confirmed by the large increase in Trp fluorescence emission (Fig. 2) and by the higher susceptibility to trypsin cleavage respect to the forms with the PLP bound, i.e. holoGadB and holo rec GadB. The tetramer retains the global arrangement of subunits seen within the holo hexamer but the conformations of apo chains are also EcGadB sequence and N-terminal amino acid of the corresponding peptide fragments. The numbers refer to the gel bands that were cut and subjected to proteomic analysis using LC-ESI (See Materials and Methods). The Band 3 is not visible on gel area presented and corresponds to a species with an MW of~27 kDa, visible after 20 min, only in the apoGadB form.
probably more flexible and extended than that within the holo hexamer. Significant flexibility means that both the dimeric and tetrameric forms of apoGadB explore an ensemble of conformations in solution. Consequently, we did not attempt to model any further the conformations of either apoGadB oligomeric form.
Trp fluorescence emission was here employed for the first time to monitor the formation of the apo form as well as the dissociation of EcGad into dimers during alkalinization from 7.5 to 8.6 (Fig. 2 and Table II ). At present, it is not possible to assign to specific Trp residue(s) (out of the 11 present in each protein subunit) the source for the large increase in fluorescence emission in the apoGadB form (Fig. 2) . Disappointingly, the structure of apoGadB (PDB code: 3FZ7) does not provide a clue and it looks very similar (RMSDs 0.4%) to holoGadB. However, the solution studies reported here do show that changes in conformation and in the oligomeric state occur. Inspection of the holoGadB crystal structure at pH 7.6 (PDB code: 1PMO) suggests that while Trp67 and Trp404 are likely candidates for the observed increase in fluorescence with increasing pH (i.e. when dimers abundance increases), Trp139 and Trp173 directly/indirectly interacting with their counterparts in the functional dimer are likely responsible for the large increase in fluorescence that occurs upon PLP dissociation (Fig. 6 ). This hypothesis needs to be tested, but right now it is considered as a likely possibility given that Trp139 and Trp173 are not too distant from Gln163 that uses the alkyl portion of its side chain to be in stacking contact with the pyridine ring of PLP. Thus, in the absence of the cofactor, it is likely that the active site is not in the same compact conformation and that several residues, including Gln163, are more free to move and cause a different exposure of Trp139 and Trp173 side chains to solvent, therefore leading to the observed strong increase in Trp fluorescence.
The limited proteolysis experiments using trypsin (similar results were also obtained with proteases such as Asp-N, chymotrypsin and thermolysin; data not shown) do suggest that the site that is more accessible to proteolytic attack in both holoGadB and apoGadB is the N-terminal region, in particular Arg 10 -Ser11 and Lys 21 -Ser 22 bonds (Fig. 5B) . However, the rate at which proteolysis occurs is faster in apoGadB than in holoGadB, thus pointing to a prominent role of PLP not only in catalysis but also in the overall stability and compactness of the fold, as also confirmed by the fact that holo rec GadB is behaving as holoGadB (Fig. 5A , upper and lower panels). Notably, the species detected in apoGadB run faster on SDS-PAGE than those of similar length from holoGadB. This striking observation can be explained as a consequence of a collapse of the entire polypeptide chain of apoGadB into a more compact structure, which is hard to attack by trypsin during digestion of the protein band analyzed by proteomic approaches, i.e. LC-ESI. This finds confirmation in the literature (Maras et al., 1992) : when guanidiniumHCl-denatured EcGad (resembling an apoGad form) was digested with several proteases to establish its primary structure, many peptides in the region 150-330 were missing or not overlapping. Thus amplification of the corresponding gene region was necessary in order to overcome this lack of information. The absence of the same 'faster-running' species in the SDS-PAGE from holoGadB and holo rec GadB also suggests that PLP is responsible for avoiding the collapse occurring in apoGadB.
Further work will be necessary to establish the concentrationdependence and possible cooperativity in the dimer-hexamer interconversion as well as in the transient formation of the tetramer, a species never observed in the past. This work also sets the basis for studies aiming at screening for novel activities/roles played by EcGadB at pH above 7 and assessing whether the dimer-hexamer equilibrium has relevance in the cell.
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